3-hydroxy-3-methylglutaryl-CoA (HMGCoA) reductase is the rate-limiting enzyme and the first committed step in the biosynthesis of cholesterol in mammals. We have determined the crystal structures of two nonproductive ternary complexes of HMG-CoA reductase, HMG-CoA͞ NAD ؉ and mevalonate͞NADH, at 2.8 Å resolution. In the structure of the Pseudomonas mevalonii apoenzyme, the last 50 residues of the C terminus (the f lap domain), including the catalytic residue His381, were not visible. The structures of the ternary complexes reported here reveal a substrate-induced closing of the f lap domain that completes the active site and aligns the catalytic histidine proximal to the thioester of HMG-CoA. The structures also present evidence that Lys267 is critically involved in catalysis and provide insights into the catalytic mechanism.
The reaction catalyzed by 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA), the conversion of (S)-HMG-CoA to (R)-mevalonate, represents a major point of control for isoprenoid biogenesis (for a review, see ref. 1) . Because in mammals this reaction is the first committed step in cholesterol biosynthesis, HMG-CoA reductase is a primary target enzyme for chemotherapy of hypercholesterolemias (2) . The crystal structure of the HMG-CoA reductase from Pseudomonas mevalonii previously was solved at 3.0 Å resolution (3) . The structure revealed a tightly bound dimer that brings together conserved residues implicated in binding and catalysis at the subunitinterface active site. Each monomer is composed of two major domains. The large domain (residues 1-108 and 220-375) binds HMG-CoA and consists of a central 24-residue ␣-helix surrounded by three roughly triangular walls. The small NAD(H) binding domain (residues 110-215) has a nonclassical dinucleotide-binding fold. This domain consists of a fourstrand antiparallel ␤-sheet with two crossover helices that lie on one side of the sheet. Connecting the third strand and the second helix in the small domain, there is a highly conserved sequence, the DAMG loop (residues 180-186), which is analogous to the G-rich loop in the classic dinucleotidebinding domain.
Knowledge of the spatial location of catalytic residues is crucial for understanding the mechanism of this enzyme. However, the last 50 residues of the C terminus (377-428), which include the catalytic His381 (4, 5), were not visible in the electron density maps of the HMG-CoA reductase apoenzyme and were presumably disordered. It was proposed that these C-terminal residues form a flap domain that closes over the active site when substrates are bound (3) . We have now determined the crystal structures of two nonproductive ternary complexes, HMG-CoA͞NAD ϩ and mevalonate͞NADH, at 2.8 Å resolution. The structures demonstrate that the flexible flap domain closes on binding of the substrates and positions the catalytic residue His381 close to the scissile bond of HMG-CoA, completing the active site in its catalytic conformation.
MATERIALS AND METHODS
Crystallization. P. mevalonii HMG-CoA reductase was crystallized in 1.2 M ammonium sulfate and 100 mM N-(2-acetamino)-2-iminodiacetic acid buffer at pH 6.7, as described (6) . Large crystals were produced by microseeding and were grown over several weeks up to 1.0 ϫ 1.0 ϫ 0.5 mm in size. Soaks with substrates were done in two steps. First, HMG-CoA or mevalonate solutions were added to the crystallization drops to a final concentration of 4.5 mM for HMG-CoA (50ϫ the K m value) and 3.3 mM for mevalonate (12ϫ the K m value). The crystals then were transferred to a solution with 4 mM NAD ϩ or 2 mM NADH (20-and 50ϫ the K m values), were soaked for Ϸ2 min, and were mounted immediately in a glass capillary for data collection.
Data Collection. X-ray data were collected at room temperature by using an R-axis II (Molecular Structure Corporation, The Woodlands, TX) with a Rigaku (Tokyo) RU-200 rotating anode source. Full data sets were collected from a single crystal of each ternary complex. The x-ray data were indexed and integrated with DENZO (7) and were scaled by using SCALEPACK (7) . The scaled data set for the mevalonate͞ NADH complex (Mev) has 23,498 unique reflections with an R merge on intensities (R m ) ϭ 8.2% and is 93% complete (25-2.8 Å). The data set for the HMG-CoA͞NAD ϩ complex (Hmg) has 23,346 unique reflections with an R m ϭ 7.1% and is 92% complete (25-2.8 Å). The crystal lattice for both complexes is isomorphous with the native crystals and belongs to the cubic space group I4 1 32 with a ϭ 228.5 Å for Mev and a ϭ 228.7 Å for Hmg (native crystals have a ϭ 229.4 Å), with one dimer per asymmetric unit.
Structure Determination. Crystallographic refinement was performed by using X-PLOR 3.1 (8) and the Engh and Huber parameters (9) . Initial rigid-body refinement for data in the 15-to 4.5-Å resolution range led to final correlation coefficients of 0.85 (Mev) and 0.83 (Hmg) and R factor of 25.5% (Mev) and 26.5% (Hmg). The 2(F o Ϫ F c ), ␣ c density map calculated at this stage showed extra density in one of the two active sites of the dimer for both complexes. This allowed us to model the substrates (HMG-CoA and mevalonate) and the cofactor (NAD ϩ ͞NADH) using the graphics display program CHAIN (10) . Additionally, a large region of extra density beyond residue 377 (the last visible residue in the apoenzyme) of the monomer with bound substrates provided the first hint for the tracing of the flexible flap at the C-terminal region of the protein. Successive cycles of combined conjugate gradient minimization refinement with simulated annealing further improved the phases sufficiently to trace the last 50 residues in the flap domain region of the Hmg complex (377-428) and the first 10 residues of the flap in the Mev complex (377-387). Because of the asymmetry of the two active sites in the dimer (the first one is solvent accessible and occupied by substrates and the second is packed against symmetry-related molecules), noncrystallographic symmetry restraints were applied to both monomers (residues 4-375 in the first monomer and residues 504-875 in the second monomer) during the refinement. Water molecules were modeled by using the 2(F o Ϫ F c ) map contoured at 3.5 . Temperature factors were refined according to the restrained individual isotropic B-factor refinement protocol in X-PLOR, using data from 6-2.8 Å with a resulting R work ϭ 19.4% (R free ϭ27.4%) for the Hmg complex and R work ϭ 18.8% (R free ϭ 26.6%) for the Mev complex. The last refined model contains protein residues 4-428 (first monomer) and 504-875 (second monomer) in the Hmg complex plus 1 HMG-CoA and 1 NAD ϩ . The last refined Mev model contains protein residues 4-387 and 504-875, plus 1 mevalonate and 1 NADH. The geometrical parameter analysis gave an rms deviation for bond distance of 0.016 and 0.015 Å (Hmg͞Mev) and for bond angles of 1.85 and 1.88°, respectively.
RESULTS AND DISCUSSION
The Active Site and the Flap Domain. The active site of P. mevalonii HMG-CoA reductase is a large, open cavity 42 Å in length that contains three distinct subsites that bind cofactors and substrates (Fig. 1A) . The first site, formed by the large domain of one monomer, binds the CoA portion of HMGCoA. The small domain of the second monomer forms the NAD(H) binding site. At the interface of the two monomers, there is a smaller, deeper pocket that is the mevalonate binding site. The previously identified catalytic residues, Glu83 and Asp283 (1, 11) , are located at the bottom of the mevalonate binding site. The HMG-CoA͞NAD ϩ structure reveals HMGCoA bound in an extended conformation with the HMG moiety in the central pocket (mevalonate pocket). The NAD ϩ also binds in an extended conformation with the nicotinamide ring approaching the thioester of HMG-CoA in an anti͞pro-S relationship (Fig. 1B) . In the mevalonate͞NADH structure, the NADH binds in the same conformation as NAD ϩ (Fig.  1C) . Mevalonate sits in the central pocket in an open linear conformation that overlays the HMG moiety of HMG-CoA.
The flap domain was apparent in the initial difference electron density maps of both complexes as an extra density region covering the mevalonate pocket. The first 10 residues of the flap domain were readily built into this extra density as an ␣-helix. Subsequent cycles of rebuilding and refinement improved the maps sufficiently to allow all 50 residues of the C-terminal region (377-428) to be built in the HMG-CoA͞ NAD ϩ complex (Fig. 2) . In the mevalonate͞NADH complex, only the first 10 residues (377-387) were clearly defined and built in the density. Beyond this point, there was no visible electron density. The flap domain in the HMG-CoA͞NAD ϩ complex contains three ␣-helices connected by loops: helix 1 from residue 377 to residue 393, helix 2 from residue 399 to residue 409, and helix 3 from residue 415 to residue 428 (Fig.  1 A) . Helix 1 is connected to the long 24-residue ␣-helix (351-374) of the large domain by a 2-residue turn (375-377) that may act as a hinge for the flap. These two helices lie almost perpendicular to each other in the closed flap structure.
Ligand-Induced Conformational Changes. Of the conformational changes that accompany ligand binding, the most interesting is the closure of the flap domain, which positions the catalytic histidine, His381, at the active site. At the same time, juxtaposition of residues Ile213, Leu372, and Ile377 forms a hydrophobic pocket at the inner face of helix 1. This pocket is part of a more extensive hydrophobic region that may serve to shelter the hydride transfer reaction from the solvent and to place the dihydronicotinamide moiety in a hydrophobic environment. Diffusion of substrates into the apoenzyme crystal is accompanied by packing rearrangements in both complexes and causes main-chain shifts of Ϸ0.7 Å in the region from residues 9 to 37. Most of the flap contacts occur on the inner face of helix 1 and the two helices of the small domain of the second monomer. In the HMG-CoA͞NAD ϩ complex, Ile377 interacts with Glu195 (N . . . O1 3.2 Å), Gln378 O1 interacts with Thr192 O␥1 (3.2 Å), and Met382 S␦ makes a contact with Asn188 N␦2 (3.1 Å), all residues on the second helix of the small domain. The catalytic His381 forms a hydrogen bond to Ser85 in the large domain through the main chain O . . . O␥ 2.7 Å whereas the neighboring His385 N␦1 forms a hydrogen bond to Asn188 N␦2 (3.1 Å) and interacts with the pyrophosphate on the NAD ϩ molecule (N2 . . .
O1PA in
helix of the small domain (Asp416 O␦2 is 2.9 Å from Lys145 O). In the mevalonate͞NADH complex, only the interactions at the N terminus of helix 1 are seen. In the hinge region, both Ile377 N and Gln378 N interact with Glu195 O1 (3.2 Å), and Gln378 O1 forms a hydrogen bond with Thr192 O␥1 (2.9 Å).
Additional changes induced by substrate binding are observed in the HMG-CoA and NAD(H) binding sites. In the HMG-CoA site, loop 236-240 shows an rms deviation for main chain atoms of 0.6 Å relative to the apoenzyme structure. Several side chains extend toward hydrogen bond acceptor groups in the HMG-CoA molecule (Arg11, Arg261, Arg370, Lys95, Asn553, and Gln364). In the NAD(H) binding site, the main chain in the loop-helix region 328-339 moves toward the pyrophosphate moiety of NAD(H) (rms deviation of 0.9 Å) for both ternary complexes. The small domain helix 185-195, which contacts helix 1 on the flap, shifts toward the pyrophosphate moiety of NAD(H) by 1.3 Å in the HMG-CoA complex and 0.7 Å in the mevalonate complex. The small domain helix 141-151, which contacts helix 3 on the flap, shifts toward the adenine ring of NAD(H). This helix contains Asp146, a residue that discriminates against NADP(H), the cofactor of biosynthetic HMG-CoA reductases (12) . The side chain of Asp146 also moves from its original position in the apoenzyme to form a hydrogen bond to the 2Ј-hydroxyl group of the adenine ribose of NAD(H).
Mechanism of Catalysis. HMG-CoA reductase of P. mevalonii reversibly catalyzes both the oxidative conversion of mevalonate to HMG-CoA, in the presence of CoA, and the reduction of HMG-CoA to mevalonate and CoA via consecutive two-electron transfer steps to and from NAD(H). This process also formally requires the transfer of two protons. The reduction of HMG-CoA can be described in three steps (see scheme in Fig. 3 ). In step 1, hydrogen bond formation of the HMG-CoA thioester oxygen with Lys267 induces partial carbonium ion character in the thioester carbon. This facilitates the first hydride transfer from NADH, forming the thiohemiacetal (mevaldyl-CoA) and NAD ϩ . In step 2, hydrolysis of the C-S bond forms bound mevaldehyde. The CoAS Ϫ thioanion then is protonated and released as CoASH. In step 3, protonation of the carbonyl oxygen of bound mevaldehyde facilitates the second hydride transfer from NADH, forming mevalonate.
Previous mechanisms proposed for the yeast (5) and hamster enzymes (13) (1999) between substrate and cofactor (14) . For the yeast enzyme, Veloso et al. (5) used kinetic analyses to infer participation of a histidine and an acidic residue in catalysis. Extensive mutagenesis and kinetic analysis of the P. mevalonii and hamster enzymes led to the identification of a histidine (4, 15), a glutamate (11) , and an aspartate residue (13) involved in catalysis. For the hamster enzyme, Frimpong et al. (13) proposed a catalytic mechanism in which the aspartate serves as a general acid during both reductive stages and as a general base during deacylation of mevaldyl-CoA. The three catalytic residues proposed to be involved in this mechanism were Glu83, Asp283, and His381 in the P. mevalonii enzyme. From the two x-ray crystal structures of the ternary complexes of the P. mevalonii enzyme, we have obtained structural evidence for roles of the participating residues and propose a revised mechanism. The ternary complexes show all three of these residues in the active site, with the two acidic residues at the bottom of the mevalonate site and the histidine on the first helix of the closed flap. The structures also reveal that Lys267, not previously implicated in mutagenesis experiments, is critically involved in catalysis by the P. mevalonii enzyme. In the HMG-CoA͞NAD ϩ complex, the thioester oxygen of the substrate points toward the N atom of Lys267 at a distance of 2.6 Å (Fig. 4a) . Lys267 is located midway between the substrate and Asp283, which is 5.6 Å away from the thioester oxygen on the opposite side of Lys267. In the light of this structural evidence, the assumption that Asp283 directly transfers a proton to the thioester oxygen, as proposed for the cognate residue of the hamster enzyme, can be ruled out for the P. mevalonii enzyme. Lys267 is at the center of a hydrogen bond network that involves Asn271, Glu83, and Asp283 as the closest neighbors, and Arg285 as a second shell neighbor through hydrogen bonds to Glu83, Glu82, and Asp283 (Fig.  4b) . These interactions hold the side chain of Lys267 in place for substrate binding and catalysis. We therefore propose that Lys267 is the residue that polarizes the carbonyl oxygen in steps 1 and 3 of the reaction and provides the proton in step 3.
His381 is proximal to the sulfur atom of HMG-CoA, as would be expected for its proposed role in protonating the leaving CoAS Ϫ anion (Fig. 4a) . A third residue implicated in catalysis, Glu83, is also in contract with Asp283. In Frimpong's mechanism (13), the cognate of Glu83 was proposed to reprotonate His381 in step 2. However, in both ternary structures, Glu83 and His381 are separated by 4.0-4.3 Å. Instead, His381 probably is reprotonated by His385, which is within hydrogen bonding distance of His381 (2.8 Å in the mevalonate complex and 3.3 Å in the HMG-CoA complex) (Fig. 4a ). An alternate role for the glutamate can be proposed from the mevalonate͞NADH complex. In this complex, the oxygen of the 5-hydroxyl of mevalonate is 3.1 Å from a carboxylic oxygen of Glu83 (Fig. 4c) . The tetrahedral configuration for C-5 of mevalonate is expected to be the same as in the thiohemiacetal intermediate. The displacement of the C-5 oxygen in the mevalonate complex with respect to the carbonyl oxygen in the HMG-CoA complex then mimics the isomerization from the trigonal configuration to the tetrahedral configuration in the thiohemiacetal. Therefore, we propose that Glu83 could participate in proton abstraction from bound mevaldyl-CoA. No residue other than Glu83 is closer to the C-5 oxygen of mevalonate, and the closest histidine, assigned to this role for the yeast enzyme, is 5.3 Å away. The location of Lys267, Asp283, and Glu83 suggests that all three residues participate in proton transfer at different stages of the reaction and thus may constitute a proton relay system (Fig. 3) .
Based on our revised mechanism and the structures of the ternary complexes, we can hypothesize that the flap closes on binding of the substrates and remains closed during the reaction. We further propose that NAD(H) can be bound and released as NAD ϩ without requiring the flap to be opened. Similarly, CoASH can be released after protonation by His381. Conversely, aldehyde-level intermediates would be trapped in The hydrogen bonding network that holds Lys267 in place. Shown are the first shell of hydrogen bond contacts that involve primarily positive and negatively charged residues. (c) Critical contacts of the catalytic residues with the mevalonate substrate. In this ternary complex, the tetrahedral carbon (C-5) points its OH toward one of the Glu83 carboxylic oxygens, suggesting a change in the primary contact of that oxygen after isomerization. This also suggests that Glu83 may be involved in accepting a proton from mevaldyl-CoA, which should have the same tetrahedral configuration for C-5. This figure was prepared with SETOR (20) . (Fig. 5) , and the changes in activity that accompany their mutagenesis support their proposed roles in catalysis (4, 11, 13, 15) . After Lys267 was identified in the P. mevalonii structure as a catalytic residue, site-directed mutagenesis studies were performed. Mutation of Lys267 to alanine crippled the P. mevalonii enzyme, as would be expected for a catalytically critical residue. For oxidation of mevalonate to HMG-CoA, the specific activity of the enzyme K267A was Ͻ0.1% that of the wild-type enzyme. All HMG-CoA reductases catalyze, in addition to the reversible interconversion of HMG-CoA and mevalonate, two reactions of free mevaldehyde. For catalysis of mevaldehyde reduction and mevaldehyde oxidation, enzyme K267A had Ͻ0.5% wild-type activity. Low activity did not appear to reflect a nonnative structure, as judged by size-exclusion HPLC and far UV-circular dichroism. Neither changing the pH over the range 6-9 nor raising the concentrations of mevalonate, CoASH, or NAD ϩ to 50-to 100-fold above their K m values for the wild-type enzyme enhanced activity (18) . These observations are consistent with the role proposed for Lys267 in catalysis by the P. mevalonii enzyme.
For the proposed mechanism to be general, all HMG-CoA reductases must possess an active site lysine. Sequence comparisons indicated that only three lysines are conserved in all known biosynthetic HMG-CoA reductases. For the hamster enzyme, these are Lys690, Lys691, and Lys734. An unambiguous decision as to which of these was the cognate residue of Lys267 could not be drawn from sequence alignment alone. Site-directed mutagenesis and kinetic analysis of the hamster enzyme showed that mutant enzyme K734A lacked detectable activity and identified Lys734 as the probable cognate of Lys267 (data not shown).
The structures of P. mevalonii HMG-CoA reductase nonproductive ternary complexes present compelling evidence for an enzymatic mechanism that requires a hinge closure of the C-terminal flap domain. Concomitant binding of the substrate and cofactor induces closing of the flap domain to complete the active site, positioning the catalytic histidine close to the scissile bond of HMG-CoA. These complexes provide important structural information that contributes to an understanding of the molecular details of the catalytic mechanism. The roles of the catalytic residues His381, Glu83, and Asp283 are established, and a revised mechanism is proposed in which an additional residue, Lys267, is essential in catalysis by P. mevalonii HMG-CoA reductase.
